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Foreword 
This volume summarizes the scientific content of the 2003 Research Meeting of 

the Atomic, Molecular and Optical Sciences (AMOS) Program sponsored by the U. S. 
Department of Energy (DOE), Office of Basic Energy Sciences (BES).  This meeting is 
held annually for the DOE laboratory and university principal investigators within the 
BES AMOS Program in order to facilitate scientific interchange among the PIs and to 
promote a sense of program identity.  For the past five years, the meeting has included 
significant participation from scientists outside of the BES AMOS Program and has had a 
specific topical focus.  The 2003 meeting continues this format with a topical focus on 
“Ultrafast X-Ray Science.”   

The study of real-time dynamics in chemical, physical and biological systems 
seems poised to make huge strides in the near future as ultrafast optical probes are 
extended on two frontiers:  shorter times and higher photon energies.  The Office of Basic 
Energy Sciences, with its strong tradition of developing, building and maintaining state-
of-the-art x-ray light sources, is keenly interested in the application of new x-ray sources 
to ultrafast dynamics.  The BES AMO Sciences Program is home to several projects 
using laser-based sources of EUV and x-ray photons to explore chemical and physical 
change on the femtosecond time scale.  BES is investing more broadly in the coupling of 
lasers and third generation synchrotrons to enable ultrafast science in the x-ray region and 
in new efforts in accelerator-based x-ray sources, such as the Sub-Picosecond Photon 
Source experiment at SLAC.  Finally, BES is funding the design for the Linac Coherent 
Light Source at SLAC, which will be the world’s first hard x-ray free electron laser.  The 
LCLS passed a significant project milestone this year, with a successful review and 
subsequent DOE approval to proceed with long- lead procurement of the undulator and 
photoinjector systems in FY2005 (subject, of course, to Congressional budget approval). 

I have recently been “promoted” to the position of Team Leader for Fundamental 
Interactions and now have two other research programs, in addition to the AMOS 
Program, that demand my attention.  While it seems that much of my time is now 
occupied staring at Excel spreadsheets and balancing the bottom line, I remain interested 
and engaged in the AMOS Program.  Although my new position dictates less direct 
contact with many PIs (which is my loss), I am always available for questions, concerns 
or to hear research updates.  I am delighted that Dave Ederer has joined us from Argonne 
National Laboratory on a temporary assignment.  Dave will be handling most of the  
projects in the AMOS Program and I encourage all the PIs to take the opportunity to say 
hello to Dave at this year’s meeting.  

I gratefully acknowledge the contributions of this year’s speakers, particularly 
those not supported by the BES AMOS program, for their investment of time and for 
their willingness to share their ideas with the meeting participants.  Thanks also to the 
staff of the  Oak Ridge Institute of Science and Education, in particular Kellye Sliger, 
Julie Malicoat and Rachel Smith, and the Granlibakken Conference Center for assisting 
with logistical aspects of the meeting.  

 
Eric Rohlfing 
Chemical Sciences, Geosciences and Biosciences Division 
Office of Basic Energy Sciences 
August 2003 
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Ultrafast X-Ray Probing of Molecules

Stephen R. Leone
Departments of Chemistry and Physics

and Lawrence Berkeley National Laboratory,
University of California

Berkeley CA 94720

Soft x-ray time dynamical studies offer new opportunities to probe the electrons in
various orbitals in molecules, as bonds are broken or rearranged on excited state or
ground state potential surfaces.  New ultrafast laser methods have been developed to
produce femtosecond soft x-ray pulses and to obtain camera-like snapshots of soft x-ray
photoelectron spectra of molecules during their dissociation and transformation. The
method uses high order harmonic generation of a Ti:sapphire ultrafast laser.  Results are
presented from the investigator's laboratory on the technique, on the characterization of
femtosecond soft x-ray pulses, and on the first observations of photoelectron processes of
dissociating molecules.  Both valence shell and inner core electrons can be probed.
Results will be presented on observations of photoelectron processes of dissociating
bromine molecules and excited states.  New information about ionization cross sections
of transient states and their photoelectron spectra are obtained.  The results pave the way
for a general method to probe transient states in molecules, but based on the methods of
photoelectron spectroscopy that have been so successfully employed for ground state
analyses.  Results will also be presented using a low harmonic of the Ti:sapphire laser to
form Rydberg wave packets directly in atoms for two-color time-dependent wave packet
studies.  These experiments will be discussed and future time-resolved photoelectron
work on other molecules will be considered.  In other laboratories, laser–based harmonic
generation methods are pushing towards the attosecond frontier of time domain in the x-
ray region.  This allows for the possibility to study electron rearrangements, such as
Auger processes, in real time in the future.

Concepts of user facilities based on linac accelerator technologies are also being pursued
to address the growing international interest in ultrafast x-ray scientific research.  A
recirculating linac-based ultrafast x-ray facility called LUX has been proposed by LBNL.
It is based on electron beam accelerator technology, coupled with an array of advanced
tunable femtosecond lasers for pump-probe experiments.  This facility would represent a
near-complete union of laser and accelerator-based technologies.  The facility would be
capable of performing a large variety of pump-probe type experiments (or multiple beam
and coherence experiments) with soft and hard x-rays, experiments that cut across all
fields of science, biology, chemistry, and physics, also including highly nonlinear
phenomena.  Such facilities would have greatly improved brightness, peak power,
coherence, and tunability, for accelerator based x-ray sources, and would provide 10-50
femtosecond pulses, with opportunities to obtain sub-1-fs pulses in the future.  A brief
description of the characteristics of such a source will be outlined.
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Linear Accelerator Based X-Ray Sources:  
The Sub Picosecond Pulse Source 

 
 

J. B. Hastings 
SSRL 

Stanford Linear Accelerator Center 
 

 
Accelerator based synchrotron radiation (SR) sources are now commonplace in the world 
with the USA (APS), Japan (Spring-8) and Europe (ESRF) each operating storage ring 
sources in the hard x-ray energy range that provide unique radiation for studies in the 
chemical, biological and materials sciences.  These sources are critical to the 
understanding of complex static structures and through inelastic x-ray scattering the 
dynamics.  They have also been applied to time resolved diffraction on the scale of the 
photon pulse length ~100 psec.  Photon beams with all the properties of SR but with 
pulse lengths of ~100fsec are now available from linear accelerator based sources, for 
example  the Sub-Picosecond Pulse Source (SPPS) at the Stanford Linear accelerator 
Center (SLAC).  A description of SPPS, its present status and early results will be 
presented.  



 
 
 
 

Advances at the DESY   Free – Electron – Lasers 
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Advances in linear accelerators, new developments in low-emittance electron guns, and the 
feasibility of ultra-precise long undulators open up the exciting possibility of building single 
pass Free Electron Lasers (FEL) based on self-amplified spontaneous emission (SASE). 
These FEL’s promise to provide extremely intense, pola rized ultra-short pulse radiation for 
the VUV and x-ray regimes. In addition their high peak and average brilliance, the tunability 
of the photon energy and the lateral coherence of the radiation will make the FEL’s unique 
sources. 
 
At the Deutsches Elektronen-Synchrotron (DESY) a SASE-FEL has been successfully 
operated in the vacuum ultraviolet (VUV) region. Saturation has been achieved at 
wavelengths  between 80 nm and 120 nm. The characteristic parameters of the FEL, of the 
photon beam and the first results obtained  on free atoms and clusters will be presented  
( 1, 2, 3 ). At present the FEL is upgraded in order to allow for electron energies up to 1 GeV 
and for photon energies up to 194 eV in the first harmonic. The start- up for this FEL is 
scheduled for the beginning of next year. The installation of five experimental station in the 
new experimental hall is under way. This includes a facility for pump-probe experiments  
( see e.g. 4 ). The first experiments are scheduled for 2004. Non linear interactio ns and ultra-
fast processes are the focus of many studies on atoms, molecules, clusters, plasmas and 
surfaces proposed for this VUV-FEL. Outstanding examples will be presented to showcase 
the opportunities and challenges of this new area of research. 
 
Beginning of this year the Federal Government of Germany decided to support the 
construction of a X-ray FEL at DESY. This FEL should be realized within an European 
collaboration. The X-ray FEL will be based on the same TESLA superconducting accelerator 
technology successfully implemented at the VUV-FEL. The planning for the X-FEL is well 
under way. The characteristic parameters en visaged for this X-FEL will be presented together 
with a road- map towards its realization ( 5 ). 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 

References 
 

1) V. Ayvazan et al.  Phys. Rev. Lett 88, 104802 ( 2002 ) 
 
2) V. Ayvazan et al. Eur. Phys. J. D 20, 149 ( 2002 ) 

 
3) H. Wabnitz et al. Nature 420, 482 ( 2002 ) 

 
4) http://www-hasylab.desy.de/facility/fel 

 
5) TESLA  X-FEL, Technical Design Report, Supplement, edited by J. Andr uszkow  

 
            et al., DESY 2002 – 167 and http://www-tesla.desy.de/tdr-update 
 
 
 
 



Ultrafast Atomic and Molecular Optics at Short Wavelengths

P.I.s: Henry C. Kapteyn and Margaret M. Murnane
Department of Physics and JILA

University of Colorado at Boulder, Boulder, CO 80309-0440
Phone: (303) 492-8198; FAX: (303) 492-5235; E-mail: kapteyn@jila.colorado.edu

PROGRAM SCOPE

The goal of this work is to study of the interaction of atoms and molecules with intense and very
short (<20 femtosecond) laser pulses, with the purpose of developing new short-wavelength light
sources, particularly at short wavelengths. We are also developing novel optical pulseshaping
techniques to enable this work. In the past year, we have made a number of new advances, that
will increase the utility of short wavelength sources for applications in spectroscopy and
imaging.

RECENT PROGRESS

1. High harmonic generation from ions (Ref. 14): In recent work shown in Fig. 1, we
experimentally demonstrated very high order harmonic generation of up to 250eV from
Argon ions for the first time. Using a hollow waveguide filled with low-pressure gas, we can
guide a laser beam in a highly ionized plasma, to reduce the effect of ionization-induced laser
defocusing. As a result, we can extend the highest harmonic orders observable using 800nm
driving-laser radiation by a factor of 2.5 compared with previous work. This corresponds to
an extension of the cutoff by 150eV or 100 harmonic orders. These are higher photon
energies than have previously been observed using either Argon or Neon gas under any
conditions. At the laser intensities required to generate these harmonics, no neutral atoms
remain. Thus, the harmonic emission originates from ionization of Ar+.

The significance of this work is threefold. First, we have shown that high harmonic
generation from ions can be used to greatly extend the coherent photon energies obtainable
using HHG. Second, we demonstrated that large ions such as Argon with high nonlinear
susceptibilities compared to Helium, can be used to generate high-energy harmonics. This is
of potential significance for developing useful coherent EUV and soft x-ray sources for many
applications in science and technology. Finally, we demonstrated that the hollow waveguide
geometry can generate higher photon energies than otherwise possible using a conventional
gas jet or cell geometry. This work has been submitted to Physical Review Letters.

2. Molecular optoelectronics (Ref. 5, 8, 10): By inducing molecules in a gas to coherently
spin, the very-fast time-dependent phase modulation induced by these molecular rotational

Figure 1: Harmonic emission from
a 150µm diameter, 2.5cm long, fiber
filled with low-pressure 7 Torr of
Ar, excited by an 18fs pulse at a
peak intensity of ≈ 1.3 x 1015Wcm-2.



quantum “wave packets” can spectrally-modulate and compress ultrashort light pulses. Using
impulsively excited rotational wave packets in CO2, we dramatically increased the bandwidth
of a short-wavelength light pulse. This pulse was then compressed duration by an order of
magnitude, simply by propagation through a fused silica window, without the use of a pulse
compressor. This is a very general and novel technique for optical phase modulation, which
can be applied to pulses in virtually any region of the spectrum from the IR to the VUV. It
appears to be particularly useful for compressing light pulses in the VUV region of the
spectrum, where conventional pulse compression techniques fail. In recent work, we
extended work published in PRL in 2002 to generate even shorter duration light pulses, as
shown in Fig. 2 below.

In addition, very recently, in work published in Optics Letters, we proposed a new method
for phase-matched frequency conversion in a gas that we call transient birefringent phase-
matching. In this method, an intense linearly-polarized light pulse induces the molecules in
an anisotropic molecular gas to align. A gas of molecules with an anisotropic polarizability
normally exhibits no anisotropy since the molecules are randomly oriented. However, a
random distribution of molecules can be aligned using an intense light field to induce a
torque on any molecule not oriented either parallel or perpendicular to the laser field. In the
case of an alignment pulse shorter than the rotational period of the molecule (typically less
than a few ps), the pulse exerts an impulsive torque on the molecules. This results in a change
in the rotational angular momentum, and an excited distribution of rotational energy levels.
Even after the alignment pulse has passed, this ensemble of molecules experiences a periodic
realignment determined by the excited angular momentum states and the molecular rotational
energy level structure. These alignments modify the macroscopic polarizability of the
ensemble of molecules, creating a gas phase “quasi-crystal” and inducing time-dependent
changes in the index of refraction. This birefringence created by an ensemble of aligned
molecules can be used to phase match nonlinear frequency conversion. In particular, we
calculated the conditions required to phase match third harmonic generation in a hollow-core
fiber, and found them to be very reasonable. We also measured the induced birefringence.

3. Using learning algorithms to study attosecond science (Refs.1, 4, 13): In recent work in
collaboration with Herschel Rabitz and Ivan Christov, we demonstrated that the data
generated using a learning algorithm to optimize a quantum system is useful in helping to
understand the physics behind the process being optimized. In its optimization process, the
learning algorithm naturally finds a particularly interesting region of parameter space and
probes it extensively. Analyzing the statistical behavior of the solutions found by the
algorithm confirms our theoretical models of the process. In particular, by optimizing high
harmonic emission using a learning algorithm, and then analyzing the data resulting from the
optimization process, we can verify our understanding of the temporal dynamics of the
process.

Figure 2: Intensity (black
curve) and phase (blue curve)
of a self-compressed pulse that
compressed a 100fs transform-
limited pulse to 12fs, without
using prisms or gratings.



4. EUV Photonics – Quasi phase matching at short wavelengths (Refs. 9, 12): In two recent
papers (one published in Nature in January 2003, and one currently under review by
Science), we demonstrated that concepts from visible-wavelength photonics are useful for
extending the efficient wavelength range of high harmonic generation. HHG is an excellent
source of coherent EUV light, at photon energies up to ≈ 0.5keV. In HHG, a femtosecond
laser is focused into a gas, and high harmonics of the fundamental laser are radiated in the
forward direction. However, although HHG can generate high-energy photons, efficient
HHG has been demonstrated only at photon energies of ≈ 50-100eV. Higher photon energies
are generated at higher intensities, after much of the gas has ionized. This ionization prevents
the laser and the EUV light from propagating at the same speed, severely limiting conversion
efficiency. Thus, overcoming the detrimental effects of ionization has been a critical
challenge for further development of coherent EUV light sources. In January 2003, we
reported the first demonstration of quasi-phase-matched frequency conversion of laser light
into the extreme-ultraviolet (EUV) region of the spectrum. Using a modulated hollow-core
waveguide, with periods of 1mm – 0.5mm, to periodically vary the intensity of the light
driving the conversion, we efficiently generated EUV light even in the presence of substantial
ionization of ≈ 8%. Use of a modulated fiber shifts the spectrum of the high-harmonic light to
significantly higher harmonic photon energies than would otherwise be possible. It may also
allow for the generation of isolated attosecond pulses.

In more recent work, we demonstrated for the first time that quasi phase matching of HHG
using modulated fibers can operate in a fully-ionized gas. As shown in Fig. 3, we
demonstrated for the first time that nonlinear-optical phase-matching technologies can be
applied to the generation of light in the scientifically and technologically important region of
the spectrum around the carbon K absorption edge at 284eV (4.4nm). This energy range is
significant for biological and materials imaging, because water is transparent to soft x-ray
radiation above 284eV, while carbon absorbs this light. This work demonstrated for the first
time water window coherent light generation using Neon gas as the nonlinear medium.
Previous work had succeeded in generating only very small fluxes of light in the water
window using Helium gas. The effective nonlinear susceptibility in HHG depends on the
recollision cross section of an ionized electron with its parent ion; this collision cross-section
is smaller for He ions than for Ne.

FUTURE WORK

In future work, we will extend our coherent “molecular modulation” techniques to the generation
of very short-duration, 1-10 fs, light pulses in both the deep-ultraviolet and the vacuum-
ultraviolet regions of the spectrum. We plan to pursue this technology, with the goal of

Figure 3: (left) Harmonic emission from 9
Torr of Neon in 2.5cm long, 0.25mm period,
modulated fiber, through Boron (black) and
Carbon (red) filters, at a laser intensity of ≈ 1.6
x 1015Wcm-2. An Ag filter is used to reject the
laser light and absorbs at low energies. (top)
Picture of a modulated hollow-core fiber.



developing a high-power deep-ultraviolet light source to be used to study ultrafast dynamics in
chemical species, clusters, and materials. We are also investigating HHG with aligned molecules.
We will also extend past work on HHG driven by two-color light to study nonlinear optical
processes in the extreme-ultraviolet region of the spectrum, to attempt to understand in more
detail how atoms interact with light at “ionizing” photon energies, in the extreme-ultraviolet
region of the spectrum. Finally, new techniques have been developed at JILA that make it
possible to control not only the intensity “envelope” of an ultrafast light pulse, but also the
absolute position of the individual oscillations of the electromagnetic field of the light; i.e. the
“carrier-envelope offset” or CEO. We plan to pursue the development of phase stabilized
ultrafast laser-amplifier sources, and to use these sources to study absolute-phase sensitive
nonlinear optics.
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Experiments in Ultracold Collisions

Phillip L. Gould
Department of Physics U-3046
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Program Scope:

Many areas of atomic, molecular, and optical (AMO) physics have benefited from
advances in ultracold atoms. Examples include: Bose-Einstein condensation (BEC) and atom
lasers; degenerate Fermi gases; optical lattices; quantum optics and quantum computing;
ultracold Rydberg atoms and plasmas; photoassociative spectroscopy; ultracold molecule
production; precision spectroscopy and improved atomic clocks; studies of photoionization,
electron scattering, and ion-atom collisions; and fundamental atomic and nuclear physics
experiments with radioactive isotopes. Because many of these applications of laser cooling and
trapping utilize high-density samples (e.g., n>1011 cm-3) of ultracold atoms (e.g., T<100 mK),
ultracold collisions are an important factor. For example, inelastic collisions can cause the loss of
atoms from traps and/or increase their temperature. Ultracold collisions can also be beneficial.
Evaporative cooling, the final stage of BEC production, relies on elastic collisions for
thermalization. Also, quantum computation schemes involving cold atoms require some type of
collisional interaction for communication between the qubits. In general, improved knowledge of
these collisional interactions, and their possible control, will significantly benefit studies
involving ultracold atoms. The main motivation of our experimental program is to improve our
understanding of ultracold collisions, especially those which occur in a typical laser trap
environment.

In addition to the relevance of our studies to applications of laser cooling, there is
significant fundamental interest in collisions at extremely low energy (e.g., ~10-8 eV). Because
the colliding partners are barely moving, they are easily influenced by the long-range dipole-
dipole interactions involving excited atoms. This allows the collision dynamics to be controlled
with laser light – both enhancement and suppression have been demonstrated. The long-range of
these interactions (e.g., R~100 nm), combined with the low collisional velocity, can result in
collision times exceeding the excited-state radiative lifetime. Therefore, the atomic excitation
can spontaneously decay during a slow collision, effectively terminating the collision in
midcourse. Such “survival” effects are unique to the ultracold domain.

Our ultracold samples of rubidium are generated in a magneto-optical trap (MOT)
utilizing diode lasers at 780 nm. The choice of rubidium is based on three factors: 1) its
resonance lines are well-matched to readily available diode lasers; 2) there are two stable and
abundant isotopes (85Rb and 87Rb), allowing isotopic collisional effects to be investigated; and 3)
it has played a prominent role in BEC experiments and other ultracold applications. In our
experiments, atoms are loaded into the MOT, and inelastic collisions are measured by
monitoring the loss rate of atoms from the trap.

Recent Progress:

During the past year, we have made progress in two main areas. First, we have continued
our work on ultracold collisions induced by frequency-chirped laser light. Second, we have


